Southern rootworm (Diabrotica undecimpunctata howardi) affects several plants such as soybean, sorghum, wheat, cucumber, alfalfa, cucurbits and it is most damaging to corn and peanuts. The pheromone based "attract and kill" strategy is one of the powerful ways to control pest population. To address our key objective of the practical utility of the synthetic pheromone, we have developed a simple synthetic strategy to produce gram scale southern corn rootworm pheromone in nine simple steps starting from S-Citronellol. The present strategy takes advantage of the existing chiral center of commercially available S-Citronellol. To get the basic carbon skeleton of the pheromone, the main step in the synthetic strategy is coupling of aliphatic units through Wittig reaction. The phosphonium salt from a non-functionalized aliphatic bromide followed by Wittig reaction improved the overall yield in the multistep synthesis of this pheromone. The large-scale production of pheromone enabled us to test it in the field.
cent times, there has been tremendous improvement in pest control including granular insecticides and genetic modification of plants [1] [2] [3] . On the other hand, synthetic insect sex pheromones play important roles in managing pest control through "attract and kill" strategy [4] . In this short communication, we are reporting an improved method for the large-scale synthesis of SCR pheromone for field trials. To illustrate with an example, we are reporting preliminary field study results conducted at the Beltsville Agriculture Research Center, Beltsville, MD.
The structure of this female-produced pheromone was identified by Tumlinson et al.
as R-isomer of 10-methyl-2-tridecanone [5] . There have been many reports for the synthesis of the molecule [6] [7] [8] [9] some of them too complex and unadoptable for large scale production. Kenji Mori, a pioneer in this field has reported the synthesis of southern corn rootworm pheromone starting from R-(+)-Citronellol in eleven steps [10] . Our improved synthetic method (Figure 1 ), which is comparable to Kenji Mori's method, is adoptable for large scale synthesis, because it uses the commercially available cheap material (S)-Citronellol. The field study of natural pheromone and synthetic enantiomeric mixture has been reported showing the importance of the correct chiral center at C-10 of the SCR pheromone [5] for its effectiveness. Based on our knowledge, this is the first report for the enantiomerically pure synthetic pheromone being evaluated in the field.
Materials and Methodology
All chemical reagents were purchased from Sigma-Aldrich (St. Louis, MO). All solvents were bought from VWR as reagents grade and were used as such without further purification. Synthetic intermediates and sought compounds were characterized by 1 H NMR and GC-MS.
1
H NMR spectra of intermediates and final compound were obtained in CDCl 3 as solvent with a Inova spectrometer operating at 400 MHz. Chemical shifts are reported in parts per million from the CDCl 3 internal peak at 7.27 ppm for 1 H (TSP, 0 ppm for 1 H). The GC-MS spectra were recorded in Agilent GC-MS. All other chemicals used were reagent grade. All synthetic compounds were purified by silica gel column chromatography using ethyl acetate and hexanes as solvents unless otherwise noted. Our synthetic strategy is based on the goal of synthesizing this pheromone in large scale for the field test in a short time. The fragments identified were commercially S-Citronellol and ethyl 4-acteylbutyrate. The total synthesis of (R)-10-methyltridecan-2-one has been achieved in 8 steps starting from (S)-citronellol in ca. 7% overall yield.
Field trap evaluation was carried out in USDA BARC north farm. The septa were soaked in pheromone containing solvent and evaporated leaving pheromone in the septa. These rubber septa were inserted in to the traps and placed in the field along with the control traps. The beetles were counted during two week studies.
Experimental Results
The synthesis was carried out following the strategy shown in Figure 2 as follows. The S-Citronellyl bromide 2 was prepared from S-Citronellol using in-situ made dibromotriphenylphosphorane (71%). The purified citronellyl bromide was converted into (R)-2,6-dimethylnon-2-ene by treating with in-situ made dimethyl copper lithium. The dimethyl copper lithium was made by treating methyl magnesium bromide in presence of LiCl/CuCl 2 (74%) [11] . Over seven equivalents of methyl magnesium bromide were needed for the completion of the reaction for the highest yield. The resultant (R)-2,6-dimethylnon-2-ene was subjected to ozonolysis to obtain (R)-4-methylheptanal 5 (88%). The aldehyde was reduced to alcohol 6 by sodium borohydride with quantitative yield. The resultant (R)-4-methylheptan-1-ol was converted into (R)-1-bromo-4-methylheptane by in-situ made dibromotriphenyl phosphorane (61%). Different conditions were attempted to make the Wittig salt using solvents but obtained highest yield (87%) by heating with triphenylphosphine at 120˚C in solvent free condition for 12 hours in a sealed tube. The aldehyde 4-(2-methyl-1,3-dioxolan-2-yl)butanal 9 required for the Wittig reaction was prepared in two steps starting from ethyl 4-acetylbutyrate following reported procedure [11] . The (R,E)-2-methyl-2-(8-methylundec-4-en-1-yl)-1,3-dioxolane was prepared by Wittig reaction between compound salt 8 and aldehyde 9 using BuLi as a base at −40˚C. The highest yield (32%) was obtained under reaction condition. The cis-trans isomer was determined 12:88 by GC-MS (The high yields in Figure 2 . Synthesis of (R)-10-methyltridecan-2-one from (S)-Citronellol. the Wittig salt preparation and moderate yield in the Wittig reaction are the two steps that improved the overall yield compared with the reported procedure for the same intermediate [12] ). The hydrogenation of (R,E)-2-methyl-2-(8-methylundec-4-en-1-yl)-1,3-dioxolane using Pd/C in ethanol yielded (R)-2-methyl-2-(8-methylundecyl)-1,3-dioxolane. The required southern corn rootworm pheromone was released by deprotectionusing HCl in acetone/water. The final two steps gave quantitative yield.
Synthesis of (S)-8-bromo-2,6-dimethyloct-2-ene, 3
To a solution of triphenylphosphine (15.72 g, 60 mmol) in methylene chloride at 0˚C was added bromine till the color changes to yellow. Then the color of the solution was brought to colorless by adding a pinch of triphenylphosphine. After stirring for 10 minutes at 0˚C citronellol (7.80 g, 50 mmol) and 4.5ml of pyridine in dichloromethane (10ml) was added slowly. The resultant reaction mixture was stirred at the same temperature for 30 minutes and at room temperature for overnight. The crude mixture was concentrated to residue under reduced pressure. The residue was washed with hexanes (75 ml × 3), washes were combined, concentrated and purified by silica gel column chromatography using hexanes and ethylacetate as solvents to obtain compound 3 (7.81 g, 71%). 
GC-MS (ESI) 219.
Synthesis of (R)-2,6-dimethylnon-2-ene, 4
To a solution of (S)-8-bromo-2,6-dimethyloct-2-ene (25 g, 114 mmol) dissolved in THF (600 ml) at 0˚C, was added LiCl (8.59 g, 202 mmol) and CuCl 2 (13.59 g, 101 mmol) subsequently. The resultant reaction mixture was stirred at the same temperature and then methyl magnesium bromide (300 ml, 900 mmol) was added drop wise.
The resultant reaction mixture was stirred at 0˚C for an hour and at room temperature for overnight and finally refluxed for 3 hours before cooling it to 0˚C. The reaction was quenched with sat. NH 4 Cl solution (20 mL) at 0˚C and the whole mixture was concentrated and washed with hexanes. The hexane washings were passed through a bed of silica gel. The filtrate was concentrated at reduced pressure and purified by silica gel column chromatography using hexanes and ethylacetate as solvents to obtain compound 4 (13.2 g, 74.7%). 
Synthesis of (R)-4-methylheptanal, 5
To the well cooled (−78˚C) solution of compound 4 (11.5 g, 74.6 mmol) in methylene chloride (150 mL), was passed ozone till the color changes to light blue. Then N 2 was passed for 30 minutes to remove the excess of ozone present in the solution. The ozonide was quenched with methyl sulfide solution (50 ml) in methylene chloride (50 mL) at the same temperature. The resultant reaction mixture was allowed to stir for 4 hours at room temperature. The entire solution was concentrated under reduced pres-sure at 5˚C. The resultant crude mixture was purified by column silica gel chromatography using hexanes and ethylacetate as solvents to obtain compound 5 (8.41 g, 88%). 
Synthesis of (R)-4-methylheptan-1-ol, 6
To a solution of compound 5 (9.5 g, 74.2 mmol) in EtOH (50 mL) at 0˚C was added sodium borohydride (2.81 g, 74.2 mmol) slowly. The resultant reaction mixture was stirred for 4 hours at the same temperature and quenched with water (20 mL). After stirring for 10 minutes water the entire solution was concentrated and extracted in ether, washed with brine, dried over MgSO 4 and concentrated again. The crude material was purified by silica gel column chromatography using hexanes and ethyl acetate as solvents to obtain compound 6 (8.9 g, 92%). 
Synthesis of (R)-1-bromo-4-methylheptane, 7
To a solution of triphenylphosphine (22.24 g, 84.9 mmol) in methylene chloride (150 mL) at 0˚C was added bromine till the color changes to yellow. Then the color of the solution was brought to colorless by adding a pinch of triphenylphosphine. The resultant mixture was stirred at 0˚C and then added a mixture of alcohol 6 (9.2 g, 70.7 mmol) and pyridine (6.28 ml) in methylene chloride (20ml). The resultant reaction mixture was stirred for an hour at the same temperature and at room temperature for overnight. The crude mixture was concentrated to residue under reduced pressure. The residue was washed with hexanes (75 mL × 3) and washes were combined, concentrated and purified by silica gel column chromatography using hexanes and ethylacetate as solvents to obtain bromide 7 (8.32 g, 61%). Synthesis of (R,E)-2-methyl-2-(8-methylundec-4-en-1-yl)-1,3-dioxolane, 10
To the suspended solution of compound 8 (8.62 g, 18.98 mmol) in THF (100 mL) at −40˚C was added BuLi (8.3 mL 2.5M, 20.87 mmol) slowly. The resultant mixture was stirred for 40 minutes at the same temperature and a solution of 4-(2-methyl-1,3-dioxolan-2-yl)butanal (3.00 g, 18.98 mmol) in THF (10 mL) dropwise. The resultant reaction mixture was stirred at the same temperature for 4 hours and 0˚C temperature for 12 hours. The reaction mixture was quenched with sat. NH4Cl solution (5 mL), concentrated, extracted in ethyl acetate, washed with brine, dried over MgSO 4 and concentrated again. The crude material was purified by silica gel column using hexanes and ethyl acetate as solvents to obtain compound 10 (1.57 g, 32%). Synthesis of (R)-2-methyl-2-(8-methylundecyl)-1,3-dioxolane, 11
A mixture of compound 10 (2.059 g, 8.1mmol) and Pd/C (300 mg) in EtOH (50 mL) was stirred under H 2 atmosphere was stirred at room temperature till starting material disappeared (about 24 hours). The Pd/C was filtered out, the resultant solution was concentrated and purified by silica gel column chromatography using hexanes and ethyl acetate as solvents to compound 11 in quantitative yield (2.06 g). 
Preliminary Field Evaluation
Field trap evaluation was carried out in USDA, BARC North farm (September-October 2015). The bucket traps of yellow and green funnel color (Figure 3 ) captured comparable numbers of SCR beetles. Only one striped beetle and two spotted beetles were caught in the control traps, whereas total 302 beetles were recovered in baited traps within the study period. We have reported only two weeks of results (Table 1 and Table 2 ) to avoid field condition variability. Males and females of SCR responded similarly and positively to the presence of 250 and 500 microgram pheromone lures. We could also see other beetles trapped in small numbers.
Conclusion
We have achieved total synthesis of SCR pheromone in a practically scalable route for the field study. In various combinations and settings, we utilized total 200 mg of the Figure 3 . Field Evaluation: Pheromone traps were charged with two doses of the lures, 250 μg and 500 μg in duplicates. The squash field in the North farm of the Beltsville Agriculture Research Center was selected for natural abundance of SCR beetles. All traps were employed 25 meters apart in two rows. As shown in the photograph, all traps were hanged on wooden stick at 6" -8" height above the ground near squash plants. 
